Traditional identification of species has been based on phenotypic traits, although it is clear that, theoretically, genotype-based classification is more accurate. This is especially the case for microorganisms which possess less identifiable traits and are more easily influenced by environment. Therefore, technology that allows identification of species based on genotype is highly desirable. Whole genome sequencing can provide a sufficient amount of information and can be determinative for this purpose but is very impractical for routine use. Thus, a competent technology is needed that allows a reproducible reduction in the amount of information required about a whole genome, while still providing sufficiently accurate identification. It is almost imperative for such a technology to be of a high cost-performance and of easy handling. Universality and portability are also strongly desired. Based on these criteria, the current state of genome analysis technologies are reviewed. Among various methodologies discussed here, amplified fragment length polymorphism (AFLP), genome profiling (GP) and microarrays are the subject of particular attention. As species identification is a base for most fields of biology including microbiology, ecology, epidemiology and for various biotechnologies, it is of paramount importance to establish a more efficient, easily handled and more objective methodology, in parallel with conventional phenotype-based methodologies. GP is currently considered to have the most optimal nature for identification of species since it can reproducibly reduce a huge amount of genome information to a manageable size by way of random polymerase chain reaction and can extract a sufficient amount of information for species identification from the DNA fragments thus profiled by temperature gradient gel electrophoresis. The potential ability of DNA microarrays for this purpose is also discussed and promises much for the future.
INTRODUCTION How have species been determined?
Taxonomy is a fundamental, age-old discipline of biology that specialises in the identification, classification and nomenclature of organisms where a lot of variation is definable. The traditional way for identifying species in this field is exclusively phenotypically driven. Traits such as shape, size, colour and behaviour have been used, some of which are prominent features in most eukaryotes. Therefore, so far as animals and plants are concerned, classification based on phenotype is still effective. As is well known, microorganisms are far more problematic to define phenotypically, difficult to observe, often impossible to cultivate and aberrant in behaviour under different conditions. 1 Together with the fact that a population of microorganisms is uncountable for those living in a microcosmos, their study has inevitably been slowed due to a lack of competent methodologies. Recent technological advances are changing this situation.
Historical and current status
Historically, direct microscopic observation of microorganisms came first, appearing in Leeuwenhoek's Philosophical Transactions of the Royal Society in 1673 with the development of various types of microscopic techniques (eg bright-field, dark-field, phase-contrast and so on). Then, staining techniques such as Gram, Giemsa, Wright and others were introduced to characterise microorganisms. 2 In the past few decades, molecular approaches have provided smart means for the characterisation of microorganisms. Among these, the chemical composition analysis of cell constituents such as the cell wall and membrane is notable. [3] [4] [5] [6] Serological techniques that make use of the characterisation of surface proteins are useful for the rapid study of similarities of homologue or analogue proteins to classify species. [7] [8] [9] Enzyme activities, electrophoretic mobilities and amino acid sequences of proteins have also been utilised for identification. [10] [11] [12] [13] As all of the phenotypic traits are reflections of the genetic make-up of organisms, to obtain information directly from DNA (or RNA) is very reasonable. In particular, this is the case when the phenotype is incessantly influenced by environmental factors. This phenomenon is known to be termed penetrance (all-or-none mode expression of a certain trait) or expressivity (difference in the amount or degree of expression as to a particular trait). Thus, theoretically, species identification by genotype is best.
Before the advent of the genomesequencing era, nucleic acid molecules had been analysed according to G+C content, DNA denaturation and renaturation, restriction fragment analyses [14] [15] [16] and others. Above all, sequence-based analyses, including sequencing RNA molecules, 17 probe hybridisation 18 and enzymatic sequence recognition, 16 can be regarded as forerunners for genotype-based identification of species. (Here, we have to define the term 'sequence based' clearly. We use this term when a phenomenon exploited for analysis is dependent on sequence information such as restriction enzyme recognition, probe hybridisation to a specific sequence and DNA melting besides sequencing itself.) Currently, sequence-based approaches such as 16S ribosomal RNA (rRNA) analysis have been shown to be usable to draw phylogenetic inferences. The Ribosomal Database Project (RDP), one of the most prosperous rRNA databases, has already collected more than 30,000 species of 16S rRNA; 19 however, information obtained from a single gene is often not sufficient to place a species at the appropriate site on the phylogenetic tree, 20, 21 and may sometimes be misleading due to the limited information. 22 Therefore, such methods that exploit integrated information obtained from several genes are required for this purpose, 23 which is by no means an easy task. Although sequencing provides the most definitive solution, it is not always the best answer for all cases nor is it applicable to all. Recently, DNA array technology based on whole genome sequencing of pathogenic bacteria such as Helicobacter pylori and Streptococcus pneumonia has revealed the high frequency of intraspecific recombinations and horizontal gene transfers and identified the need for population analysis. 24 Therefore, the development of various technologies based on sequence is a matter of necessity even in the era of post-genome sequencing.
WORKING TECHNOLOGIES FOR GENOME ANALYSIS Specific gene analysis
If we consider the fact that phenotype is influenced by the environment, we may have to adopt the genotype as the standard for species identification. Woese and colleagues have been major proponents of this idea, 25 introducing the comparative analysis of 16S rRNA contained in the small ribosomal subunit (although we should not forget the preceding excellent works represented by Dayhoff et al. 26 which were performed on the same target with proteins and transfer RNAs before the era of mass-sequencing technology). Their study provided the first insight into the microbial phylogeny based on nucleotide sequences. Following Information obtained from DNA is often available and more authentic than that on phenotypes A considerable amount of information on a genome is needed for identification of species Single gene approaches fall short in the amount of information this success with 16S rRNA, other genes such as 23S and 5S rRNA, rRNA intervening sequences, gyrB, rpoD, HSP60, ddl and tmRNA sequences have become used as phylogenetic markers; [27] [28] [29] [30] [31] [32] [33] [34] [35] however, what was evident through all these studies was that there is not always consistency between the results obtained with different genes for taxonomical purposes. 36 This is because of the limited amount of information and the nature of gene-specific idiosyncrasies of single gene approaches. Genome-wide comparative studies, which have recently become possible, also support this notion. [20] [21] [22] 24 In a primary sense, species may be defined from a set of genes, not from the similarity of a particular gene. This provides the key to how approaches should be designed; in parallel, technologies that make use of genomewide DNAs have been explored. In this vein, multigene analyses are effective, 23 so long as the selected genes are common to the organisms. [39] [40] [41] [42] [43] 49 can mine a substantial amount of information and are best suited for discrimination at the strain level (intraspecific) 44, 45, 49 but are poor at resolving the higher levels of taxonomy, mainly due to insufficient informational content and/or operational complexity. RFLP (or restriction enzyme analysis) has been successfully employed in the past and has been improved for various studies with successive elaborations: RFLP by pulsed field gel electrophoresis (PFGE), [77] [78] [79] amplified ribosomal DNA restriction analysis (ARDRA), 80 AFLP 37 and others. Unfortunately, AFLP is not capable of discriminating interspecific relationships in general because of the intolerant nature against point mutation of recognition sequences, as discussed later. As well as AFLP, we will later discuss in detail GP and DNA arrays, which are all highly scored technologies in Table 1 . Whole genome sequencing, which has recently been methodologically established (whole genome shotgunsequencing), 69 is surely the most determinative method, yet is clearly too impractical (and expensive) for routine use. RAPD (or random polymerase chain reaction), which utilises polymerase chain reaction (PCR) products obtained with relaxed hybridisation of primer(s), is less discriminatory than GP, which analyses random PCR products by the use of temperature gradient gel electrophoresis (TGGE) or Denaturant Gradient Gel Electrophoresis (DGGE), since the former depends on only the size information of PCR products while the latter further utilises the melting temperature information of them. RLGS, which amplifies restriction fragments attached with cassette sequences at both ends by PCR, analyses them by two-dimensional electrophoresis, but requires particularly rigorous processing of samples and data. OBGS (as well as simple-sequence repeat PCR or SSR-PCR), which is based on PCR amplification of genomic segments that lie between over-represented octamers (or simple repeats) in the genome, has an intrinsic limitation in that it absolutely requires multicopy repeat sequences within a genome and knowledge of repeat sequences contained in a genome prior to experiments. 49, 81, 82 Genome analysis technologies can be chiefly characterised by their ability to identify and discriminate between species. Here, we have to consider carefully the meaning of identification. Identification is to recognise that A of a query is equivalent to the genuine A. If all of the elementary properties of query A (e iq ) are completely equivalent to authentic A (e i ), then A of the query can be said to be true A. This can be formulated as follows:
Genome sequence-based technologies
This defines the identity of A perfectly. 'e' can be either phenotype or genotype. Theoretically, this is correct; however, practically, it has never been obeyed in the case of species identification for two reasons: it is impractical and unnecessary.
Organisms have too large a number of properties to be counted out, which is the reason for this being impractical. Yet, species can be identified by dealing with a limited number of properties, not all. This fact is ultimately important for the current taxonomy since it manifests that the species are defined by some sorts of properties which were rationally, yet arbitrarily, selected by experts in the relevant field. Thus, species identification can be done without employing the whole properties, which is the explanation for this being unnecessary. The number of properties required for the identification of species depends on the extent of similarity between the species under investigation: the closer, the larger the number of properties. As a matter of course, we can define species based on a portion of the whole genotype, not the whole. Thus, to what extent do we have to employ the portion of the genotype to assign species? This is the central interest of this paper. (Before we enter into the discussion on this, we had better make it clear that there are a tremendously large, yet possible we think, number of works to be done before we will be able to interconvert the definitions: phenotype-based and genotype-based ones. As partly mentioned before, the 16S rRNA approach 19 is one of the most advanced for this purpose, although that still leaves rather a long way to go.)
This kind of estimation has already been done by authors from the viewpoint of information content. 50 The essence of the discussion developed there is that the amount of information (say, 140 bits or so) required for identifying species globally is not so large and it can be sufficiently To define a species, only a portion of the whole genotype is required provided with non-direct sequencing technologies such as GP.
Therefore, we can evaluate the technologies for species identification with the following criteria. First, how can the amount of information be effectively and reproducibly reduced to a manageable size for this purpose while still remaining sufficiently informative? Secondly, how generally can the technology be applied?
In brief, in addition to resolution, we should consider the following fundamental requirements: (1) reproducibility; (2) universality; (3) sufficiency; (4) portability; (5) economy; and (6) ease of handling. The latter two items are desirable while the former four are essential. Table 2 summarises these points regarding current technologies. Universality can be discussed from two points: (1) the same method can be applied to all of the organisms (related to 'discriminatory level'); and (2) the same method can be used for a diversity of purposes. GP and mass sequencing approaches appear to fulfil the requirements most comprehensively. In particular, data portability is one of the most advantageous properties of GP and sequencing. DNA arrays, which are in a sense the most potent methodology, still have some problems in this area. 24 The following section looks more closely at those technologies with the most potential, including AFLP, GP and DNA arrays. Figure  1 . To reduce the number of fragments to be amplified, a couple of primers are designed, as shown in Figure 1 , which contain a 'selective sequence'. The basic AFLP is as follows. Genome DNAs are cut by a combination of two restriction enzymes, a rare cutter (eg EcoRI) and a frequent cutter (eg MseI). Adapters, which consist of a core sequence and an enzyme-specific sequence, are then ligated to the restriction fragments. Primers, which consist of three parts -a core sequence at the 59 terminal, an enzyme-specific sequence and a selective extension at the 39 terminal -will selectively bind to a fraction of the restriction fragments and amplify them, thereby reducing the DNA complexity by a factor of 100-1,000. 37 The combinatorial use of two restriction enzymes and selective sequences enables designed subsets of DNA fragments to be obtained from the whole genome, each of which can be used as a fingerprint of the genome. This technology has been 38 This technology has been successfully employed to study the diversity among closely related organisms. [83] [84] [85] [86] [87] This is not effective in differentiating distant species. Obviously, if we try to reduce the amount of information to be analysed to sizes of hundreds of base pairs, starting from a genome of millions to billions of base pairs, then we have to restrict the target DNAs by employing 5-cutter or 10-cutter restriction enzymes, generating thousands of restriction fragments on average. Here, we encounter another problem: the necessity of reduction in the number of DNA fragments, which must be performed reproducibly. AFLP attempts to overcome this problem by introducing the selective sequence that strictly limits the number of PCR products (one in 4,000 on average if selective sequences of six nucleotides in total -ie three nucleotides at both ends -are used). In this sense, AFLP appears to be perfect and, consequently, has been used widely; [83] [84] [85] [86] [87] however, this technology has an intrinsic limitation in its application in that it can be used only for the analysis of closely related species and strains and is difficult to use for comparison between distant species, which can be carried out by GP. 50 AFLP can be used effectively for the analysis of close species but not distant ones Figure 1 : AFLP fingerprinting. Genome DNAs are cleaved with two (or three) restriction enzymes followed by ligation of adapters. PCR amplification is performed with the primers complimentary to the adapter + 'selective sequence'. The complexity just after the restriction enzyme treatment can be reduced by the selection with selective sequences GP GP performs the reduction step by random PCR, which enables random sampling of partial DNA fragments from the whole genome DNA (Figure 2A) , and analyses DNA fragments thus obtained by TGGE ( Figure 2B) . [50] [51] [52] [53] [54] The former part is quite analogous to the statistical process of sampling where only a small fraction of constituents is selected as a representative to monitor the whole (ie random PCR 40 ). Using different primers, one can obtain quite different profiles for a genome (hence the name 'genome profiling'). Those characterising features appearing in the genome profiles are designated as spiddos (species identification dots) and are used for representing the whole pattern of genome profiles. These feature points designated as P ini , P min and P iso (see Figure 2B ) are known to correspond to: the point at which temperature DNA melting begins and, consequently, at which the mobility transition (high to low mobility) occurs, the point at which DNA mobility attains the minimum due to the most bulky structures and the point at which two different DNA molecules have the same mobility, respectively. 53 The coordinates of these points are established to be reproducibly obtained by an internal reference-mediated normalisation procedure 88 which is sequence dependent as well as size dependent. 88, 89 Therefore, GP can be said to have the ability to extract additive sequence information, which is unique among various genome sequence technologies. Here, we have to consider why GP can perform the comparison between a wider range of species than AFLP and other methods. In GP contains both the size and sequence information in DNA Featuring points termed spiddos in genome profiling compactly represent the whole pattern of a genome profile Figure 2 : Genome profiling. GP consists of random PCR (A) and TGGE (B). In random PCR, primers bind to various regions of genome DNA with mismatch-and/or bulge-containing structures as operated under lower stringency conditions, leading to the generation of a set of DNA fragments. In TGGE, random PCR fragments migrate in sequencespecific manners which have featuring points (P ini , P min and P iso ) as shown in this figure. These points correspond to the points where structural transitions occur (except P iso )
AFLP, GP AND DNA ARRAYS: AN OVERVIEW AFLP
order to obtain a manageable size of sample fragments, AFLP restricts the sequence by way of restriction enzymes and 'selective sequence'. As to the AFLP experiments introduced here, 16 nucleotides (4-cutter + 6-cutter + 2 3 selective sequences of three nucleotides each) are involved for this purpose. To measure the difference of two species using any type of a set of signals such as gel electrophoretic patterns, one has to first determine the correspondence between the two sets of signals. In AFLP and other methods, this is carried out by assuming that the fragment of the same mobility is the counterpart of a fragment for comparison. Therefore, in this case, the size information is critical. In other words, AFLP loses the ability for comparison when a point mutation occurs in the recognition sequence or selective sequence of one species, since it directly leads to a change in size of a DNA fragment. Figure 3 shows the extent to which mutation is permissible for AFLP analysis. Evidently, AFLP can trace only very close species (ì ¼ 0:05 if n ¼ 16) since more distant species fail to provide authentic counterparts when based on mobility (size) information. The same figure also explains the reason why GP can analyse relatively distant species. Random PCR, the DNA sampling process of GP, can amplify the corresponding DNAs even if point mutations occur within the binding sites for primers due to the robustness of this mode of PCR (operated at much lower annealing temperature). 48 Depending on only size information for assignment (which is the case for all the current electrophoresis-based analyses except GP) diminishes the ability to link the corresponding fragments since an insertion/deletion mutation occurring within a DNA fragment also changes its mobility, leading to the loss of connection between corresponding fragments. GP, which utilises not only size but also sequence information, has been shown to be robust in this sense (Figure 2 ). This is the greatest advantage of TGGE, which can deepen the information on a DNA fragment, in addition to size, by depicting the sequence-dependent melting profile on a gel. 88, 90 The technical advances made in relation to GP, such as establishing the methodology of extracting feature points contained in the DNA band (spiddos 53 ), comparison of GP data worldwide Robustness in amplifying common DNA fragments with all mutation aids in the analysis of different species Figure 3 : How sensitively do mutations lead to the loss of identity in common sequences? Abscissa is the mutation ratio (ì) between the sequences of pre-and postmutations. The length of a cognitive sequence of interest is n nucleotides, shown beside the curves. The ratio of the unchanged sequences (in other words, identifiable sequences) drastically reduces as mutation ratio and/or the length of a sequence increase(s), meaning that for AFLP and most of the other technologies, which depend solely on size information, the common DNA fragments will be lost as mutations proceed (see ì value of each curve at which the line of 1/e intersect). In random PCR (schematically shown with a dotted line), the common DNA fragments have greater probability to be picked up owing to the relaxed nature of primer recognition (see Figure 2A Distance between two species can be measured by sequence comparison or by genome distance obtained from genome profiling GP has been developed toward a high throughput, mass-scale study through a custom database (named Onweb GP) as shown in Figure 4 55 and facilitating a highly reproducible and efficient experimental system (ì-TGGE 56 ), have moved this technology towards being a universal, general and global tool for species identification.
There is currently no formal protocol for genotype-based identification of species, since species have traditionally been defined based on phenotype and there is neither connection nor conversion established between definitions made by phenotype and genotype. It is possible to measure the distance between two individuals, one of which is a representative of a known species and the other, quite unknown, by terms of genetic distance (the degree of difference in the sequence of corresponding DNA fragments 91 or genome distance). 53 This has the profound meaning that species can be redefined based on the genotype only without intervention of the knowledge of the phenotype, probably leading to the most consistent result, although probably, with minor contradictions, to the current species (ie based on phenotype). Spiddos can then be subjected to further processing to measure the similarity of two species (Pattern Similarity Score or PaSS, and genome distance). 53 DNA fragments in genome profiles that are common to various species can be identified by their physical properties (size, mobility, sequence-specific intrinsic melting patterns and melting points), and are known as commonly conserved genetic fragments (CCGFs) from a range of species 88 ( Figure 5 ). The greater the number of CCGFs is, the closer the two genome profiles (or species). Thus, CCGFs can be fundamental in the calculation of genome distance.
High throughput and worldwide use of GP High throughput methods are particularly important for carrying out mass-scale studies, such as epidemiological and ecological analyses, where time, space and cost can be limiting factors. In this respect, several developments have been made to make GP technology compatible for such studies. In ì-TGGE, the conventional gel apparatus is replaced with a small cassette that drastically reduces time, space and cost of the system without much alteration in resolution, thereby achieving a 100-fold increase in Figure 4 : A series of processes for On-web GP. Genome profiles from different species were processed from their genome DNA. Genome profiles independently obtained (GP1 and GP2), say, at different places and on different occasions are sent to the central database by the Internet, processed by virtue of spiddos (species identification dots extracted from genome profiles) and matched with the most similar one. If GP1 and GP2 come from the same species, then they will be linked through this procedure productivity. 56 Simultaneous monitoring of GPs using primers with different fluorescences has been achieved as a further refinement to this technology. 56 For electronic communication, a central database system has been established for genome profiling so as to provide an identification (of query GPs) service to scientific communities 93 ( Figure 4 ). Owing to the convenience of the Internet, this database (On-web GP) can be developed easily if used. This database has a self-developing nature so that the more used it is (and therefore the more data it contains), the more accurate a solution it can return to the client.
Besides species identification, GP can also be used for comprehensive genome analysis. Improvements and developments are underway for such applications of GP. Screening of cell lines (such as cancer) and establishing genealogies of traditional and commercial values (such as of crops, and animal and human populations) can be carried out using GP. Genome dynamics with respect to environmental factors can also be monitored using GP which will be helpful in understanding the influence of agents on the action of genomes, thus developing genome epidemiology, genome environmental chemistry, microbial ecology and other genomerelated sciences.
DNA arrays
DNA arrays are based on the hybridisation technique which was originally explored for autoradiographic or microscopic purposes and later developed for Southern blotting 18 and derivative uses. DNA arrays have versatile uses when combining 'acceptor' and 'ligand'. An array of acceptors can be a library of complementary DNAs (cDNAs), which were obtained from a particular tissue of an organism (tissuespecific expression profiles [57] [58] [59] or from cells at a certain physiological phase (cell cycle or environment-dependent expression profiles 60, 61 ), or can be a set of oligonucleotides, which can bind fragmented DNAs generated by restriction enzyme cleavage or PCR of genome DNAs. 62 When fed with pools of labelled DNA or RNA, these immobilised DNAs or oligonucleotides capture complementary sequences present in the sample solution. The signal generated by the hybridisation process is indicative of the presence of homologous DNA sequence in the fed sample and is recorded digitally. Prior knowledge of the
DNA arrays are nothing but a hybridisation technique
The on-web GP database has a selfdeveloping nature Figure 5 : Commonly conserved genetic fragments (CCGFs). Genome profiles of three species, members of Enterobacteriaceae, obtained with a primer (pfm12) are shown. Although these species belong to the same family, their genome profiles are quite different, characteristic and discernable. The star-marked bands are apparently of a similar pattern and successively determined to be CCGFs from their sequence 54 sequence is a useful prerequisite for designing arrays which is being made increasingly possible by whole genome sequencing. 24 Hundreds of thousands of known sequences can be employed to generate genome-wide scans for the determination of genetic content/ diversity in relation to the reference array DNAs. DNA arrays have been proven to be useful for diverse purposes such as gene expression analysis, 57, 63, 64 sequence by hybridisation (SBH) 65 and others. The major application lies in expression analysis. An array procedure is shown in Figure 6 . Recently, DNA arrays have been shown to be applicable for analysing the diversity among closely related organisms based on the emerging whole genome sequences. [66] [67] [68] Although this kind of typing method provides information on the genetic variability within the closely related species, it still remains unproven whether this technology can be applied to enable discrimination between distant species while inferring a sense of distance. One possibility is to make a combined array of genes (cDNA) from several representative organisms -say 1,000 genes from Escherichia coli, Saccharomyces cerevisiae, Arabidopsis, Caenorhabditis elegans and Homo sapiens, although great care must be taken in the choice of genes. If fractional, not all-ornone, binding is taken into account and quantitated and if standardisation of array configuration is established, then this methodology can be universal and definitive for the identification of species. Accordingly, cost reduction would follow through mass production. (The number DNA arrays can produce genome-wide scans by use of known sequences Standardisation of array configuration is most essential for its more advanced applications Figure 6 : A DNA microarray strategy. Genome DNAs are cut with a restriction enzyme and ligated to adapters. The complexity of fragments is reduced by PCR using primers containing selective sequences. Fragments of each source are labelled with different fluorescence (shown with a filled circle and an open triangle), mixed and competitively hybridised to the array panel. The ratio of fluorescence intensities on each spot is calculated and used for species identification of genes required for this purpose has been discussed previously. 50 The amount of information to specify uniquely an individual is not as large as might be imagined -1,000 genes is likely to be sufficient.) Oligonucleotide arrays also have a possibility to play this role. As shown in Figure 3 , if oligonucleotide binding to a sample DNA is selected to be less stringent but still sufficiently determinative (this may require oligonucleotides of more than 15 bases and lower stringency conditions) then those oligonucleotides can, collectively, discriminate species. Thus, DNA arrays are very promising for species identification technology.
CONCLUDING REMARKS
Theoretically, identification of species by genotype is better than that by phenotype, since the latter is under the influence of environmental factors. In addition, the former might be even easier than the latter, particularly when applied to microorganisms. These facts prompted the appearance of a new technology which enables us to identify species only by genotype. When current technologies for genome analysis are compared and reviewed, it becomes clear what is required in these technologies and which is the most appropriate for this purpose. For the comparison of closely related species, there are already several technologies which can provide excellent results, including AFLP, RAPD and others. For comparison of more distantly related species, these technologies are not applicable while gene sequence analysis approaches (such as the 16S rRNA project), GP and DNA arrays have been shown, or suggested, to be competent.
Clearly, the time will come when the conventional phenotype-based identification of species will be harmoniously integrated with or replaced by genotypic analyses -that is, without under-valuing the importance of phenotype-based approaches. This will become possible only when the appropriate technological advances have been achieved, a time which may not be that far away.
